The enhanced phase-locked loop (EPLL) adds an amplitude estimate to the conventional phaselocked loop (PLL), which solves the problem of double-frequency disturbance in the Phase-Locked Loop mathematical model at steady state. However, there are few researches on disturbance resistance design of EPLL in complicated grid environment. Therefore, periodic disturbances of different frequencies are introduced into frequency estimation and amplitude estimation of EPLL when the grid voltage has DC offset, three-phase unbalance, high-order harmonic disturbance and sub-synchronous oscillation (SSO). This will interfere with the frequency and amplitude estimation performance of the EPLL, and then affect the closedloop control and frequency tracking of the converter. In order to improve disturbance rejection of the EPLL. Firstly, the mathematical model of the disturbance in the frequency and amplitude loop is deduced and analyzed. Then the active disturbance rejection control (ADRC) is used to improve the EPLL. Through the simulation model of MATLAB/Simulink, the parameters of the ADRC and the ESO are compared and validated. The proposed EPLL based on ADRC is verified experimentally for the tracking performance under the frequency stability or drop in complicated power grid environment.
I. INTRODUCTION
In recent years, the development of primary energy and the rapid progress of power electronics technology. Power electronics dominated power systems make the operation environment of the power grid more complicated than ever before [1] - [3] . PLL is a digital phase-locked loop, which is used in the detection of power grid voltage signals by PWM converters. When the input voltage is disturbed by DC offset, three-phase unbalance, high-order harmonics and subsynchronous oscillation (SSO), the accuracy of fundamental wave detection of input voltage signal is very important for power electronic devices such as PWM converter [4] - [6] .
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The commonly used method is a synchronous reference frame phase-locked loop (SRF-PLL) based on synchronous rotating coordinate system. SRF-PLL uses Clark and Park transform to convert the input signal of voltage from threephase stationary coordinate system to two-phase rotating coordinate system. The d and q axis components of the voltage are obtained. The control algorithm has been widely used in converter control by the closed-loop control of the q-axis voltage to achieve phase angle phase locking and frequency estimation.
The increased penetration of renewable energy sources in the power grid and the industrial nonlinear loads have caused serious power quality issues and made the synchronization task more challenging than before. To deal with this problem, many advanced PLLs with enhanced disturbance rejection capability have been designed by different researchers. Almost all these PLLs can be understood as a conventional SRF-PLL with additions filters. The filters used in the phase-locked loop can be divided into: moving average filter (MAF) [7] , [8] , notch filter (NF) [9] , [10] , multiple SRF filtering [11] , [12] , effect -coefficient filters (CCFs) [13] , [14] , delayed signal cancellation filter (DSCF) [15] , [16] , second-order generalized integrator (SOGI) [17] and so on.
However, there is a double frequency interference component in the frequency estimation of PLL. Therefore, Karimi-Ghartemani.M et al. proposed an improved EPLL based on PLL. EPLL adds an amplitude loop based on PLL to estimate the grid voltage. After obtaining the amplitude estimation of the input signal, the difference between the input signal and the estimated signal is used. Therefore, the EPLL eliminates the double frequency component in the frequency estimation in the PLL [18] - [20] . In [21] , the αβ-EPLL is applied to the enhanced TPSF-EPLL in the two-phase stationary coordinate system that can be used for the converter control, eliminating the Park transformation in SRF-PLL and simplifying the operation process. In [22] , in order to solve the problem that the EPLL is affected by the complicated grid, a moving average filter (MAF) is proposed to filter the input disturbance. In [23] , [24] , the mathematical analysis of the DC offset, three-phase unbalance, higher harmonics and SSO to αβ-EPLL are carried out. The improved method is proposed to improve the estimation performance of the fundamental signal. DSCFs series mode is adopted in the literatures. It is used to filter out the effect of higher harmonics. However, the converter wants to achieve the function of wide filter range, it needs a lot of DSCFs, which increases the amount of program. In order to solve this problem, the paper improves EPLL by ADRC.
ADRC is practical new digital control technology that draws on the achievements of modern control theory. In [25] - [27] , the extended state observer (ESO) is used to compensate the system disturbances, and its control parameters are compared. Aiming at the problem that the input of the estimation process is nonlinear, an αβ-EPLL control strategy based on the ADRC is proposed. The ESO is used to observe the input disturbance signal, and the disturbance signal is filtered by feedforward compensation. The improved αβ-EPLL is compared with the conventional αβ-EPLL and the αβ-EPLL proposed in [23] , [24] .
II. THE EFFECT OF COMPLICATED GRID ENVIRONMENT ON αβ-ELLP A. BASIC PRINCIPLES OF EPLL AND αβ-EPLL
The structure and implementation principle of PLL is shown in Fig.1 . It consists of three parts: multiplier phase detector (PD), low pass filter (LF) and voltage controlled oscillator (VCO).
The input signal of PLL can be assumed to be a sinusoidal signal of amplitude U, and the input signal of VCO is a frequency signal ω. The phase angle of cosϕ produced by VCO is proportional to the integral of cosϕ. The output z 1 of the PD is the product of the PLL input signal and the output signal, as shown in (1):
The signal z 1 consists of two parts: a low frequency component and a 0high frequency component. In steady state, the low frequency component is zero, but the second harmonic interference will affect the PLL, so an EPLL structure is proposed in many literatures. EPLL enhances PLL's estimation performance for input signal by eliminating double frequency error. The structure diagram of EPLL is shown in Fig.2 . EPLL consists of two parts, one is PLL in dotted line area, and the other is the amplitude estimation process of input signal U sinϕ. EPLL estimates the amplitude, phase and frequency of the input signal respectively. The estimation results are as follows: the estimation result of amplitude is A, the estimation result of phase is ϕ, and the estimation result of frequency is ω. Signal S is a sinusoidal signal in phase with the input signal. When EPLL is in stable state, its input amplitude is equal to the estimated amplitude (U = A). The input phase angle is equal to the estimated phase angle (ϕ = θ), and the error signal e = u − y is equal to zero. Here, the output signal z of VOLUME 7, 2019 PD in EPLL has the following (2):
As shown in (2), the output signal z of PD will gradually stabilize with the system. The low frequency component and the high frequency component of z will gradually attenuate to zero in the process of system stabilization. Therefore, the effect of the high-frequency component in the (2) is much lower than the effect of the double-frequency component in (1) .
In the process of EPLL amplitude estimation, PD output signal x can be expressed as formula (3):
Through the above analysis, it is not difficult to find that the goal of EPLL design is to eliminate the double frequency disturbance in PLL and obtain the accurate estimation of the amplitude, frequency and phase of the input signal when the system is stable. The differential value of the estimator in Fig.2 is shown in the following formula (4):
After linearizing the trigonometric function, combining formulas (2) and (3), the EPLL estimator differential can be obtained as follows (5):
From the above analysis, it is not difficult to find that the amplitude, phase and frequency components of the input signal can be observed independently by EPLL, which is easy to use. This method of signal observation has important application value in power grid control. After the input signal is transformed by Clark transform, the input signal under α and β axes in the two phases static coordinates can be obtained. The structure principle of αβ-EPLL is shown in Fig.3 , where the rough solid line is a vector operation and the dashed line is a scalar operation. Formula (6) is transformed into voltage components u α and u β in two-phase stationary coordinate system by Clark transformation and equal amplitude transformation, as shown in (6): The differential equation of amplitude, frequency and phase in αβ-EPLL can be described as the vector operation form of the following (7)∼(9):
whereŨ ,ω,φ,θ and are the estimated values of U , ω, ϕ and θ through αβ-EPLL; e α and e β are the errors between the actual value and the estimated value of u α and u β ; µ u is the integral coefficient of the amplitude estimation loop integrator; µ θ and µ ω are the ratio and integral coefficient of the frequency estimation loop PI controller, respectively.
B. THE EFFECT OF COMPLICATED POWER GRID ENVIRONMENT ON αβ-EPLL 1) THE EFFECT OF INPUT SIGNAL WITH DC OFFSET ON αβ-EPLL
The input signal u α and u β in the two-phase stationary coordinate system with DC offset are in the form of (10):
U dca , U dcb and U dcc are three-phase DC offset components respectively. Among them: Fig.4 shows an analysis of the input signal effects on DC offset on αβ-EPLL. The difference between the input signal and the output signal e α and e β can be written as follows:
The input signal e ω in the αβ-EPLL frequency loop is shown as (13) :
where U dc and ϕ dc can be expressed as:
The input signal e A in the αβ-EPLL amplitude loop is shown in (14) :
When the working state of αβ-EPLL approximates the steady state, the input signal of the frequency loop becomes the following:
The frequency variation of αβ-EPLL was expressed as:
The input signal e A in the αβ-EPLL amplitude loop is shown in (17):
The output variation U in the amplitude loop of αβ-EPLL is expressed as:
When the input signals of u a , u b and u c in (16) and (18) contain DC offset, the estimated amplitude and frequency have periodic disturbance of fundamental frequency, but when U dca = U dcb = U dcc , DC offset has no effect on estimation. In steady state, the result of operation in dashed frame is zero, and that in real frame is disturbance signal. There are three-phase unbalance and multiple harmonics in the power grid. The input signals of positive, negative and high order harmonics in the two-phase stationary coordinate system are as follows:
2) ANALYSIS OF THE EFFECT OF INPUT HIGHER HARMONICS AND UNBALANCE ON αβ-EPLL
represent the positive and negative order amplitude and the initial phase angle of the fundamental wave respectively, and
represent the positive and negative order h harmonic amplitude and initial phase angle respectively. Assuming the αβ-EPLL is in a stable state, the input signals of the frequency and amplitude loops shown below can be obtained:
It can be seen from formulas (14) and (15) that the odd harmonics produce even harmonics, which are introduced into frequency and amplitude loops. For example, the fifth harmonic will lead to the fourth harmonic disturbance, and the negative sequence fundamental wave will lead to the double negative frequency disturbance. Because PI control does not eliminate high frequency disturbance signal, it will disturb the steady state control of αβ-EPLL. Fig.6 is an analysis of the effect of SSO on αβ-EPLL. Because of the sub-synchronous oscillation below the fundamental wave in the power system, the input voltage signal of the low frequency oscillation in the two-phase stationary coordinate system is shown in (22):
3) ANALYSIS OF THE EFFECT OF INPUT SSO ON αβ-EPLL
U + mLh and ϕ + Lh are the amplitude and initial phase angle of the SSO voltage, where L = ω L /ω g , ω L is the SSO frequency. It should be noted that L is less than 1. In steady state, the result of operation in dashed frame is zero, and that in real frame is disturbance signal.
Assuming that the αβ-EPLL is in a stable state, the output signal of the αβ-EPLL correctly tracks the positive sequence component of the input signal, the perturbation components in the frequency loop and the amplitude loop can be obtained as follows:
It can be seen from (23) and (24) that the EPLL cannot eliminate the SSO disturbance just as the higher harmonics cannot be eliminated. It is not difficult to find that the SSO introduces a negative sequence periodic disturbance lower than the synchronous speed (L-1) ω.
C. ANALYSIS OF THE EFFECT OF COMPLICATED POWER GRID ENVIRONMENT ON SYSTEM CONTROL 1) THE EFFECT OF PHASE-LOCKED DISTURBANCE ON CONVERTER CONTROL Fig.7 illustrates the effect of a complicated grid environment on converter control. As shown in the Fig.7 , when there is a disturbance signal in the grid voltage, such as DC voltage offset, threephase unbalance, high-order harmonic disturbance, SSO will affect the amplitude, frequency and phase estimation of the fundamental. This will affect the i gd and i gq of three-phase current sampling through Park transformation, and affect the calculation results of active power P and reactive power Q. This causes the ideal current to be mistaken for disturbances when fed back inside the converter, and this disturbance is substituted into the modulation process of the PI controller. When the converter is combined with the energy storage system, as a virtual synchronous generator, the detection error of the grid frequency will have a certain impact on its participation in the grid frequency regulation.
The following sets of simulation verifications are performed by Matlab/Simulink software. After the converter is sampled by the ideal current in a complicated grid environment, the disturbance error generated by the Park transformation is simulated, and the disturbance signal is observed. The power of active load is set to 200 kW and reactive load is set to 50 kW. Therefore, i gd and i gq can be observed separately. It is worth noting that grid voltage orientation is adopted in the following sections. Fig.8 shows that the input voltage signal has a DC offset, and the input voltage is not disturbed at the beginning of the simulation. At 0.15 s, the input voltage A phase has a DC offset, and at 0.3s, the B and C phases have the same DC offset. Clark-Park transformation after the ideal current is sampled into the converter. As can be seen from the figure, there is a component of periodic disturbance of the fundamental frequency (50Hz) in i gd when a single-phase DC offset is added to the input voltage. After three-phase DC offset, the disturbance component in i gd is cancelled. This is mainly due to the cancellation of perturbations in the frequency estimation of αβ-EPLL, which is consistent with the mathematical deduction in the previous paper. In Fig.9 (b) , the component of the reactive current in the q axis is the same as that in the d-axis, which is affected by the DC offset of the single-phase input voltage.
As shown in Fig.10 , the input signal contains a voltage waveform with 5th harmonic disturbance. The high-order harmonic disturbance is added to the input signal at 0.075s, and the high-order harmonic disturbance disappears at 0.45s. Fig.11 (a) shows the d-axis current component after the sampling current coordinate transformation when the input voltage has higher harmonics. When the input voltage has harmonics, the signal i gd applied in the control will contain certain harmonics, and the harmonic cost does not exist. It can be found from the enlarged portion in Fig. 11(a) that the disturbance signal period is 0.005 s. It is a 4th harmonic disturbance. This is consistent with the theoretical research content in the previous article. Fig. 11 (b) is the q-axis component of the three-phase input current. Like the d-axis current, the disturbance component is introduced in the calculation of i gq .
As shown in Fig.12 , the input signal contains a voltage waveform with three-phase imbalance disturbance. The imbalance disturbance is added to the input signal at 0.075s, and the imbalance disturbance disappears at 0.45s. Fig.13 (a) shows the d-axis current component after the sampling current coordinate transformation when the input signal is three-phase voltage unbalance. The signal i gd applied in the control will contain double frequency harmonics. It can be found from the larger image in Fig. 13(a) that the disturbance signal period is 0.01 s. It is a double frequency harmonic disturbance. This is consistent with the theoretical research content in the article. Fig. 13 (b) is the q-axis component of the three-phase input current. Like the d-axis current, the disturbance component is included in the calculation of i gq .
As shown in Fig. 14, the input signal contains a voltage waveform with SSO disturbance. The SSO disturbance adds to the input signal at 0.075s, and the imbalance disturbance disappears at 0.45s. Fig. 15 shows that after the input voltage has SSO perturbation, the three-phase current is transformed by coordinates, and the current components in the d-axis and q-axis are i gd and i gq , respectively.
Observing the Fig. 15 (a) and Fig. 15 (b) , they are not difficult to find that there is a perturbation component in both the d-axis and the q-axis. The period of the disturbance signal is 0.1s and the frequency is 10 Hz.
2) EFFECT OF INTERFERENCE IN EPLL ESTIMATION ON FREQUENCY RESPONSE OF POWER ELECTRONIC NETWORK
When the grid frequency drops, power electronic gridconnected devices such as virtual synchronous generators need to be able to provide inertial response and primary frequency modulation power like synchronous generators. From (25) , the most important signal of virtual synchronous generator participating in power regulation is frequency. When the grid voltage has disturbance component, it will disturb the collected frequency signal. The result is that the power involved in the frequency regulation of the power grid is not given accurately, and there is a periodic disturbance component.
Among them, P * F is inertial response power given command, H is inertial response time constant, ω g is electric angular velocity of grid voltage, ω gN is rated angular speed of grid voltage, f is frequency of grid voltage, f n is rated frequency of grid voltage. Fig. 16 is the given curve of inertial response power under ideal input voltage, and the unit of power is the standard unitary value. Fig. 17 is the result of inertial response power estimation for complicated power grids. There are four cases: x Inertial response power estimation when input voltage has DC offset. y Inertial response power estimation for three-phase imbalance input voltage. z Estimation of inertial response power for input voltage with high-order harmonic disturbance. { Inertial response power estimation with sub-synchronous oscillation perturbation of input voltage. 
III. ANALYSIS OF THE EFFECT OF COMPLICATED POWER GRID ENVIRONMENT ON SYSTEM CONTROL A. METHOD FOR SUPPRESSING EFFECT OF INPUT VOLTAGE WITH DC OFFSET
By integrating the two ends of (12), the estimated values of disturbances in two-phase stationary coordinates can be obtained for a period of time as (27) and (28).
Since the integral of sinusoidal signal is zero in one operation period, the output of u α and u β with DC offset is the estimated value of DC offset after integrating the fundamental frequency period. Its value is similar to the DC offset in the actual input signal. After elimination by feedforward compensation, the integral values of e α and e β are zero in a period. Therefore, the DC offset component in the improved αβ-EPLL will not participate in the estimation process of the amplitude and frequency loops, thus achieving the purpose of eliminating the effect of DC offset component. In the control block diagram shown in Fig. 18 , the closedloop transfer function of the estimated component of the DC offset component in the αβ coordinate system can be expressed as:
It can be seen from (28) that the larger the µ dc is, the faster the detection speed of αβ-EPLL is, but it will also increase the transient fluctuation amplitude of the frequency loop. As can be seen from (26) and (28), a good estimate of the DC offset can be obtained when the product of µ dc and the fundamental frequency period is 1. Taking into account changes in the grid frequency, µ dc will vary with the fundamental frequency of the grid. Its value is equal to the frequency loop output result divided by 2π.
B. IMPROVEMENT OF αβ-EPLL BASED ON ADRC 1) PRINCIPLE AND STRUCTURE OF ADRC
The composition of ADRC mainly includes: Tracking Differentiator (TD), Extended State Observer (ESO), Nonlinear State Error Feedback (NLSEF) and disturbance estimation compensation. Fig. 19 shows the structure of the first-order ADRC. TD is an important part of ADRC, which arranges the transition process of closed-loop system through the input differential and the fastest synthesis function. The fast tracking of instructions is realized under the premise of limiting the overshoot, so as to solve the contradiction between overshoot and dynamic response speed in conventional PID control.
The ESO is the core of ADRC, and uses the controlled system output y and input u to track the state variables of the estimated system in real time. Where z 2 is an estimate of the state variable x 2 , and the total disturbance f affecting the controlled output is expanded to a new state variable z 1 , thereby forming a compensation amount of the disturbance.
The nonlinear state error feedback uses the state error information e 1 for feedback control to generate an error feedback control amount u 0 .
C. DESIGN AND PARAMETER SELECTION OF ADRC 1) TD AND OVER-ARRANGEMENT PROCESS
As shown in (30) and (31), it is a discrete form of TD.
where T is the sampling period, r is the velocity factor; h is the filtering factor; fhan(x 1 (k), x 2 (k), r, h) is the fastest-speed control synthesis function. fhan(x 1 (k), x 2 (k), r, h) is the fastest speed control synthesis function, and its algorithm formula is:
where: d, d 0 control the length of the linear segment of the fhan() function; y, a, a 0 are internal variables. Figure in appendix show that fhan(x 1 (k), x 2 (k), r, h) is given a different filter factor h for comparison in the case of the same speed factor r. The comparison is compared by 3D model diagram and its contour map. By analyzing the result, the smaller the value of h, the shorter the excess process of the output value of fhan(x 1 (k), x 2 (k), r, h), which is likely to cause overshoot. When the value of h is larger, the output value of fhan(x 1 (k), x 2 (k), r, h) is excessively slow. This avoids controlling overshoot, but it tends to slow down the dynamic response. Fig. 20 shows the output contrast of the TD under different parameters h. The smaller the sampling step size T , the more accurate the simulation, and the closer the tracking signal and the differential signal are to the actual value. However, considering the performance of the controller, the smaller the step-size controller, the greater the computational burden, so take 0.1ms. As shown in Fig. 20 (a) and Fig. 20 (b) , when the sampling step size is fixed, the filter factor h is also fixed. If the filter factor is equal to the sampling step size (h = 0.0001), there is no filtering effect, and the tracking signal will have an overshoot phenomenon. At the same time, when the input signal is polluted, this overshoot phenomenon will aggravate the noise amplification effect on the differential signal. If the filter factor is too large (h = 0.01), the response speed of the tracking signal will be slowed down. In contrast, the filter factor h is usually five to ten times the sampling step size. When h = 0.001, the system has no overshoot and has a fast dynamic response.
As shown in Fig.21 (a) and Fig.21 (b) , when the sampling step length T and the filtering factor h are fixed, as the speed factor r increases (5000 to 500000), the response speed of the tracking signal increases. However, an excessive speed factor r = 500000 will cause the output differential signal to generate excessive spikes, which is not conducive to system control, and the speed increase is not obvious. Compared with the simulation results, r = 50000 achieves a better compromise effect.
2) PRINCIPLE AND PARAMETER DESIGN OF ESO
Taking the first-order controlled object as an example, the equation of state is as follows:
where: x is the state variable of the controlled object; w(t) is the unknown external disturbance; u is the control input; b is the control input coefficient, the internal disturbance of the system is f (x 1 , w (t) , t), and y is the output. The discrete ESO corresponding to the state equation can be expressed as a second-order form:
where: β 01 , β 02 are the gain coefficients, z 2 is the estimated value of the ESO for the SSO, the three-phase unbalance, the higher harmonics and the external disturbance to constitute the summation disturbance; fal(e, α, δ) is the optimal control function, α is a nonlinear factor, δ is the length of the interval of the linear segment, and its expression is:
fal(e, α, δ) = e δ α−1 , |e| ≤ δ |e| α sign(e), |e| > δ (34) Fig. 22(a) is a comparison of the observation effects of ESO under different parameters β 01 , β 02 , and Fig. 22(b) is an enlarged image of Fig. 22(a) . A SSO disturbance (25Hz 20V) adds at 0.1s in the grid input signal. The simulation analysis of different four groups of parameters β 01 , β 02 is carried out.
x β 01 = 100, β 02 = 3300; y β 01 = 1000, β 02 = 33000; zβ 01 = 10000, β 02 = 330000; { β 01 = 50000, β 02 = 8000000. As shown in Fig. 22 (a) and its enlarged image (b), when the value of β 01 is small (x and y ), the response performance of the signal is slow, and there is a certain delay effect. When the parameter β 01 is large, if β 02 is not well matched, oscillation will occur during the response ({). According to the theoretical design of the z simulation, the ESO has a better estimation effect and response speed on the disturbance signal. Fig. 23 is a comparison of the observational effects of ESO under different parameters α, where the parameters x α = 0.45; 2α = 0.5; 3α = 0.75; 4α = 1.The nonlinear factor α is selected between 0 and 1. The smaller α, the faster the tracking speed, but the filtering effect is weakened. For example, as shown by x in Fig. 23 , there is an oscillating disturbance in the estimated output. The larger α, the better the filtering effect. As shown by the simulation results of z and {, the estimated performance and response speed will decrease. When α = 0.5 in y, the ESO tracking observation signal is more accurate. The above comparison of the two sets of simulation model results, the core TD and ESO parameter settings in ADRC were compared and analyzed.
3) IMPROVED STRATEGY OF αβ-EPLL BASED ON ADRC
As shown in Fig. 24 , the ADRC-based αβ-EPLL frequency loop estimation structure is mainly divided into three steps:
(1) As shown in (8) , the voltage amplitude is included in the input e ω of the frequency loop. Therefore, in the improvement, the A is estimated by the amplitude loop, and the effect of the amplitude fluctuation can be eliminated by the feedforward compensation elimination.
(2) PI controller is replaced by ADRC, which enhances the estimation performance of frequency loop under nonlinearity. Because the application is different from the usual control, the frequency loop contains feedback to eliminate disturbances, so its structure is different from the conventional ADRC structure.
(3) Establish a second-order expansion state equation betweenθ andω through ESO. Estimation of SSO and higher harmonic disturbances by ESO. The estimation result is fed back toω to eliminate the disturbance of the disturbance to the fundamental frequency. Finally, the angular frequencyω 1 and the angleθ 1 of the fundamental wave can be obtained.
As shown in Fig. 25 , the amplitude loop in the αβ-EPLL establishes an expansion state equation. After the disturbance signal is observed by ESO, the effect of amplitude fluctuation is eliminated, and the amplitude of the fundamental wave is obtained. The principle is similar to eliminating frequency disturbances. Through the above design, the improved αβ-EPLL can be theoretically applied to a complicated grid environment. The performance of αβ-EPLL and improved αβ-EPLL in a complicated grid environment will be compared experimentally below. Fig. 26 below shows the experimental platform. The left side is programmable power supply and the right side is PWM converter. The programmable power supply can be set to generate the required voltage waveform. PWM converter has three AC voltage sampling channels, and the control chip is TMS320 DSP28335. EPLL calculates the angular velocity, phase angle and amplitude of the grid voltage in the control chip. The voltage frequency and amplitude obtained by EPLL are output by DA chip and monitored by oscilloscope.
IV. EXPERIMENTAL VERIFICATION A. EXPERIMENT OF DISTURBANCE UNDER GRID FREQUENCY STABILITY

1) INPUT VOLTAGE SIGNAL HAS DC OFFSET
As shown in Fig.27 , the DC offset is added to the grid voltage, and the performance of the αβ-EPLL and the improved αβ-EPLL are compared. Fig. 27 (a) is a three-phase voltage with an amplitude of 110V. A phase voltage is added with a DC offset of 30V. Fig. 28 (b) is the B and C phase voltages are added with a 30V DC offset. Fig. 28 is a comparison of the estimated performance of the αβ-EPLL and the improved αβ-EPLL for the power grid amplitude after the grid voltage is added a DC offset. When the A phase has the DC offset, the αβ-EPLL amplitude estimate contains a disturbance signal component. In the improved αβ-EPLL, its amplitude recovered slightly after a slight fluctuation. When the B and C phase voltages add a DC offset of 30V, the amplitude estimation fluctuation of the αβ-EPLL disappears. Fig. 29 shows the estimate of the grid frequency for the αβ-EPLL and the improved αβ-EPLL after the grid voltage is added a DC offset. As analyzed in (12) ∼ (14) mathematical derivation, when the DC offset is increased, a perturbed component is added to the frequency estimation of the αβ-EPLL. The αβ-EPLL and the improved αβ-EPLL frequency estimation results are similar to the amplitude estimates. At this point, the frequency estimation of the αβ-EPLL returns to normal, and the same three-phase DC offset has no effect on the improved αβ-EPLL frequency estimation.
2) INPUT VOLTAGE SIGNAL HAS HIGH HARMONIC DISTURBANCE
As shown in Fig. 30 , the initial amplitude of three-phase voltage is 110V.Add 5 and 7 harmonics, and the harmonic amplitude is 25V.The phase-locked performance is compared by αβ-EPLL and DSCF with the improved EPLL. The suppression of harmonic disturbance by EPLL using DSCF mainly depends on the number of DSCF in series. In the experiment, DSCF was added to EPLL to remove the 6th harmonic. It is proved by comparison that the EPLL designed in this paper can filter harmonics in a wider range.
It can be seen from Fig.31 (a) that after the high harmonics are added, the amplitude component of the αβ-EPLL is estimated to have a perturbation component (4th and 6th harmonic), which is derived from the theory. The result is the same.
In the experimental results of EPLL (DSCF 6th), a set of DSCF can only suppress the 6th harmonic in amplitude estimation. Therefore, the 4th harmonic can not be suppressed (amplitude 2V, period 5ms). As shown in Fig. 31 (a) , it is not difficult to find that the amplitude estimation results do not contain perturbation components when using the improved-EPLL designed in this paper. This solves the problem of increasing the number of DSCF in order to achieve a wider filtering range proposed in [27] . As show in Fig.31 (b) , when the harmonics are eliminated, the amplitude estimation results of the three EPLLs are the same.
As shown in Fig. 32 , when 5th and 7th harmonics are added, disturbance components are generated in the frequency estimation results of EPLL and EPLL (DSCF 6th). In the improved EPLL, there is no disturbance in the estimation results. Fig. 33 (a) shows that the change of grid voltage is caused by three-phase unbalance (10% amplitude drop of phase B and 10% increase of phase C). Under these conditions, the performance of αβ-EPLL is compared with that of the improved αβ-EPLL.
3) INPUT SIGNAL THREE-PHASE IMBALANCE
It can be seen from Fig. 33(b) that when the voltage is abruptly changed to three-phase unbalance, the output result of the amplitude loop estimation of the αβ-EPLL is increased by a disturbance component with a period of 10ms (baseband double frequency). However, in the estimation of the amplitude loop of the improved αβ-EPLL proposed in this paper, the estimation result is stable. Fig. 34 (a) and Fig. 34 (b) is the comparison of the frequency estimation between αβ-EPLL and the improved αβ-EPLL in the process of three-phase unbalance increase and recovery. The experimental results are similar to the amplitude loop. Therefore, no further elaboration will be made. Fig. 35 shows that the fundamental voltage of the grid is 110V, and the SSO voltage (25Hz, 25V) is added during the experiment. The performance comparison of the amplitude estimation between αβ-EPLL and the improved αβ-EPLL.
4) INPUT VOLTAGE SIGNAL HAS SSO DISTURBANCE
As can be seen from Figure 35 (a) , when SSO is added, a disturbance component with a period of 40ms is added to the output of αβ-EPLL. However, in the estimation of the amplitude loop of the improved αβ-EPLL proposed in this paper, the estimation result is stable and is not affected by the SSO disturbance. As can be seen from Fig. 35(b) , the αβ-EPLL recovery is as good as the improved αβ-EPLL estimation performance when the SSO is eliminated. Fig. 36 (a) is a comparison of the frequency loop estimates for the fundamental frequency affected by SSO disturbances in the grid voltage. The frequency loop output of the αβ-EPLL is the same as the estimate of its amplitude loop. After the disturbance is applied, the output contains a 25Hz periodic disturbance. However, the improved αβ-EPLL is not affected by SSO disturbances during its tracking of the grid state. The experimental results of Figs. 27 to 36 were quantified, and the results of the quantification are shown in Table 1 below. Fig.37 is a comparison of the αβ-EPLL and the improved αβ-EPLL for grid frequency estimation for grid frequency drops with DC offset. In the initial stage, the grid frequency is 50 Hz, the grid frequency is 36 Hz at the end of the experiment, and the grid frequency drop rate is 2.8 Hz/. It can be seen from the figure that the improved αβ-EPLL is accurate for grid frequency estimation and there is no disturbance component, and the estimation result is suitable for grid frequency power regulation control. Fig.38 is a comparison of the estimation of the grid frequency by the αβ-EPLL and the improved αβ-EPLL when the grid frequency drops under grid input harmonic FIGURE 37. Comparison of the αβ-EPLL and the improved αβ-EPLL for grid frequency estimation for grid frequency drops with DC offset. conditions. The grid frequency drops from 50 Hz to 36 Hz. During the grid fall, the frequency estimation of the αβ-EPLL contains harmonic disturbances, and the estimated output waveform is in the form of oscillation. In contrast, the improved αβ-EPLL has good tracking performance for frequency estimation and is not disturbed by harmonics, and is suitable for inertial response control of the converter. Fig.39 is a comparison of the estimated frequency of the αβ-EPLL and the improved αβ-EPLL when the grid voltage frequency drops under the input voltage three-phase imbalance condition. As shown in Fig. 39(a) , the initial grid frequency is 50 Hz, and the grid frequency drops to 42 Hz when cut off. It can be seen from the figure that there is oscillation in the frequency estimation of αβ-EPLL, and the improved αβ-EPLL frequency estimation effect is much better than the former. This difference is more apparent in Fig. 39(b) . It can be seen from the above analysis that the improved αβ-EPLL can be an adapted and imbalance grid environment with good frequency tracking performance and is suitable for inertial response control of the converter. Fig.40 is a comparison of the frequency estimates of the grid frequency drop when the input voltage contains SSO. The grid frequency drops from 50Hz to 36Hz in 5s (the drop frequency is much higher than the actual working condition). 
B. COMPARISON OF FREQUENCY TRACKING PERFORMANCE IN COMPLICATED POWER GRID WITH FREQUENCY DROP
V. CONCLUSION
This paper is mainly aimed at the complicated grid environment, αβ-EPLL has different disturbances in the estimation of frequency and amplitude. Through the formula derivation, the cause of the disturbance is obtained, which serves as the basis for eliminating the disturbance. By adding DC offset estimation and replacing PI controller with ADRC, the antidisturbance ability of alpha beta EPLL is improved. Through simulation and experiment, the following conclusions are drawn:
1) The complicated grid environment affects the performance of the αβ-EPLL, which deteriorates the coordinate transformation. At the same time, it will also affect the converter control containing the grid frequency adjustment.
2) Through the simulation model to give performance comparison of different parameters, the main parameters of TD and ESO in ADRC are designed.
3) Through the experiment, the EPLL and the improved EPLL are compared with the estimated performance of the grid frequency and amplitude. The comparison results show that the improved EPLL has good performance for estimating the fundamental state of the power grid and is not affected by the complicated grid environment.
4) The improved EPLL does not need several DSCFs in series, so it achieves the purpose of filtering high-order harmonics and simplifies the software program. 5) Simulate the frequency drop of the grid in a complicated grid environment by changing the input voltage frequency. The experimental results show that the improved EPLL has good tracking performance for drop frequency and is suitable for inertial response control. 
